Automated glycan assembly (AGA) enables rapid access to oligosaccharides. The overall length of polymers created via automated solid phase synthesis depends on very high yields at every step to obtain full length products. The synthesis of long polymers serves as the ultimate test of the efficiency and reliability of synthetic processes. A series of Man-(1 -6)-a-Man linked oligosaccharides up to a 50mer, the longest synthetic sequence yet assembled from monosaccharides, has been realized via a 102 step synthesis. We identified a suitable mannose building block and applied a capping step in the final five AGA cycles to minimize (n À 1) deletion sequences that are otherwise difficult to remove by HPLC.
solid phase synthesis depends on very high yields at every step to obtain full length products. The synthesis of long polymers serves as the ultimate test of the efficiency and reliability of synthetic processes. A series of Man-(1 -6)-a-Man linked oligosaccharides up to a 50mer, the longest synthetic sequence yet assembled from monosaccharides, has been realized via a 102 step synthesis. We identified a suitable mannose building block and applied a capping step in the final five AGA cycles to minimize (n À 1) deletion sequences that are otherwise difficult to remove by HPLC.
Carbohydrates play important structural roles and are key to many biological events. 1 Unlike peptides 2 and nucleotides 3 for which sequences of greater than 50 monomer units can now be rapidly assembled by commercial synthesizers, the chemical synthesis of polysaccharides is still challenging due to inherent structural complexities requiring stereo-and regio-control during glycosylation. Though immense progress has been made in the development of chemical glycosylation methods, reports of synthetic polysaccharides longer than 18mers are few in number. 4, 5 The syntheses of a mycobacterial arabinogalactan 92mer, a heparin-related 40mer, and a mycobacterial mannose capped arabinomannan 21mer were accomplished using block couplings. 5 From a biomaterials perspective, it is necessary to overcome these synthetic limitations to enable the exploration of the properties of chemically well-defined and pure carbohydrates. As naturally derived saccharide-based materials have served as scaffolds for stem cell based tissue engineering, 6 the relatively facile automated synthesis of peptides and oligonucleotides has enabled the identification of hybrid hydrogels for bioprinting. Solid-phase automated glycan assembly (AGA) 8, 9 of polysaccharides is an evolving technique that has enabled rapid access to complex yet well-defined oligosaccharides such as glycosaminoglycans (GAGs), bacterial cell wall antigens, and plant polysaccharides. The longest synthetic polysaccharide prepared by AGA to date is a 30mer oligomannoside. 10 Though AGA has proven to be versatile, all aspects of the process require improvement and the methodology is still developing. We present a systematic study of Man-(1 -6)-a-Man oligomers that addresses building block reactivity and product purification and culminates in the 102 step synthesis of a 50mer polysaccharide. The key to successful AGA is the identification of building blocks that enable high yielding coupling reactions and facilitate downstream purification. To select the best building block, we designed three differentially protected thiomannoside monomers synthesis of a mannose 30mer reported by us in 2013 relied on a glycosyl phosphate donor, 10 the present study utilizes thioglycoside donors because these can be obtained in fewer synthetic steps and they are stable under the conditions required to generate various building blocks. Monomers 1-3 carry a permanent benzoyl group at the C2 position to ensure a-selectivity (i.e., 1,2-trans-glycosidic linkages) through neighboring group participation, and a temporary Fmoc carbonate protecting group is present at the C6 position for chain elongation. The C3 and C4 hydroxyl groups are protected with arming 11, 12 benzyl ethers (3), disarming 13 benzoyl esters
(1), 7 or a combination of the two (2) 14 (ESI †).
Trisaccharides were synthesized in separate batches on a Merrifield resin equipped with a photo-labile linker (4) to determine the effect of the protecting groups on reactivity and product purification (ESI †). 15 Analysis of the synthesis products revealed that building block 3, containing two arming benzyl ether protecting groups, performs best in the synthesis of Man-(1 -6)-a-Man oligosaccharides due to both its greater reactivity and the fact that its full length oligosaccharide product is well separated from deletion sequences by HPLC (ESI †). Linear mannose chains from six (5) to 50 (10) monomer units in length were assembled using building block 3 (Schemes 1 and 2). Employing the conditions developed for the trisaccharide syntheses, each glycosylation step was performed using 6.4 molar equivalents of the building block, based on Fmoc quantification of the initial sugar loading. 16 The temporary Fmoc group at the C6 position was removed by treatment with triethylamine, and an acid wash with a TMSOTf solution was included prior to the downstream glycosylation to remove traces of water and base. Following the automated assembly process, the resin was subjected to UV irradiation using a continuous flow device 17 to cleave the protected oligosaccharide products from the polymer matrix. Hexasaccharide 5 (13 steps) and dodecasaccharide 6 (25 steps) were readily purified from all deletion sequences by normal phase HPLC and were obtained in 50% and 38% yield, respectively, based on resin loading with the first sugar. Previously, the automated assembly of a dodecamannoside 10 from building block 1 had yielded a product mixture that could not be purified by normal phase HPLC and mandated a special catch-release technique for purification. In contrast, dodecasaccharide 6 assembled from building block 3 is easily purified by normal phase HPLC, demonstrating the importance of protecting group selection for facile oligomer purification. Separation of the desired product from the immediate deletion sequence (i.e., n vs. n À 1) by HPLC becomes progressively more challenging as the chain length increases. For example, 37mer 7 co-elutes with the 36mer, precluding purification by HPLC (ESI †). In addition, the proportion of the n À 1 deletion sequence also increases with chain length (Table 1) . To address separation problems and incomplete conversion, an additional acetylation, or capping step, similar to that commonly used in oligonucleotide and sometimes in peptide synthesis, was employed throughout the assembly of 50mer 10 (Scheme 2 and Table 1 ). The synthetic outcomes of products up to 37mers (Table 1) illustrate that oligomers of length n À 5 and shorter can easily be removed from the desired product by HPLC. Thus, in order to eliminate the formation of deletion sequences longer than n À 5, an additional strategy was employed in the synthesis of 10, namely, introducing a second glycosylation step (6.4 eq. of building block in each coupling step; two coupling steps) in each of the last five elongation cycles (46 to 50). The 50mer 10 is obtained in 5% overall yield after 102 AGA steps; thus the average step-wise yield is 97.1% (Table 1 and the ESI †) . Furthermore, the full length product is well resolved by HPLC and easily purified from truncated sequences when utilizing capping and the additional coupling step, as confirmed by MALDI analysis (Fig. 1) .
Although capping in each cycle facilitates the purification of 50mer 10, it is time consuming (2 h for each capping step), accounting for half of the synthesis run time. In an attempt to further optimize AGA, as proof of concept, mannose 25mer 11 was synthesized with capping only in the last five elongation cycles (21 to 25) and a second coupling step with the glycosyl donor, as described above for 50mer 10, during these final cycles. Thus, the full length bifunctional 25mer is produced in 28% overall yield after 52 AGA steps, representing a 97.6% average step-wise yield, an improvement compared to the 50mer 10 synthesis. The bi-functional polysaccharide obtained from orthogonal building block 9 containing a methyl ester functionality at the C6 position could be used for further synthetic manipulations, such as coupling to other polysaccharides or biomolecules to generate hybrid biomaterials. The overlaid 13 C NMR spectra of the polymannosides (Fig. 2) confirm their structural similarities. Syntheses were performed on a 10 mmol scale. Routinely AGA is now carried out on 12.5 mmol and 25 mmol scales using preprogramed synthesis cycles. There is no reason why AGA could not be scaled up to a 50-100 mmol scale as has been done for oligonucleotide and oligopeptide syntheses. Methodological advances currently under development in our laboratory including improved coupling and capping procedures should make it possible to obtain polysaccharides longer than 100mers in the future.
The mannose 37mer (along with the 36mer impurity) and 50mer were deprotected using Zemplén methanolysis (NaOMe/MeOH) to remove ester groups and hydrogenolysis to eliminate benzyl groups in the presence of Pd/C (ESI †). For hydrogenolysis, due to the very large number of benzyl groups, the reaction was carried out for extended periods of time (72 to 96 h) and/or multiple rounds to ensure completion of the reaction, as confirmed by MALDI analysis (Fig. 3) .
In summary, by selecting the best building block in terms of reactivity and downstream purification, mannose chains as long as 50mers were assembled using AGA. Optimal conditions involving capping and an excess of the building block used only in the last five cycles were identified for successful AGA of homo-glycopolymers, with average step-wise yields as high as 97.6%. This process is beginning to enable the procurement of biopolymers for materials applications.
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